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Abstract

The Laspias River and Lissos River sustain the hydrological and ecological functioning of
the Vistonida Lake wetland complex, a protected Natura 2000 site and Ramsar Convention
Wetland of International Importance, by regulating nutrient transport and supporting
aquatic biodiversity. Thus, the water quality of the rivers Laspias and Lissos and their
adjacent coastal zones located in the prefectures of Xanthi and Rhodope (NE Greece)
respectively was monitored regarding key metal concentrations for a period of two years.
The monitoring of these watersheds and coastal zones was based on seven sampling stations
in the Laspias River, twelve stations in the Lissos River and four stations in each river’s
coastal zone. During water monitoring of both rivers, a wide range of chemical elements
was analyzed to assess water quality. In the present work, the heavy metal pollution index
(HPI) and the heavy metal evaluation index (HEI) were assessed in both rivers and their
coastal area for four successive seasons. The mean HPI and HEI values for the Laspias
River were 54.66 £ 10.82 and 1.45 £ 0.22, whereas the respective indices in the Lissos
River were 14.43 + 4.14 and 0.39 £ 0.14. The mean HPI and HEI values for the adjacent
coastal zones of the Laspias and Lissos Rivers were 7.42 4+ 1.52 and 0.14 &£ 0.05, as well
as 10.39 £ 0.83 and 0.23 £ 0.02, respectively. Therefore, the average HPI values for both
rivers and their coastal zones were below the proposed threshold (<100), while the HEI
of the Laspias River classified the water quality in the second category (slightly affected,
HEI from 1.0 to 2.0 due to the effect of Mn) and the Lissos River in the first category (very
pure/pure, HEI < 1), respectively, considering drinking water thresholds. The HEI indices
of their coastal zones characterized the water quality as very pure/pure.

Keywords: metal monitoring; water quality; pollution indicators; Laspias River; Lissos
River; coastal zone

1. Introduction

Water remains the foundation of life on our planet, and it has a paramount role in
human health and ecological stability [1]. However, in the last few decades, water quality
has deteriorated mainly due to overpopulation and industrialization [2]. This is further
exacerbated by the dispersion of hazardous substances into water bodies, with heavy
metals standing out as one of the most critical pollutants [1]. These metals, which are
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released into waters on a daily basis from different sources, have the potential to cause
various harmful effects. Not only do they pose a direct threat to human health, but they
also pose a serious risk to the environment as a whole [3]. On the other hand, agricultural
activities may adversely affect river water quality.

Health risk assessment should be conducted by identifying sources of contamination
by potentially toxic elements (PTEs) [4]. PTEs are not biodegradable; thus, they tend
to bioaccumulate and have adverse effects on organisms [5]. These contaminants can
originate from both natural and anthropogenic sources. Natural sources are interactions
with naturally occurring metal-bearing rocks in the environment. Examples of human
causes include industry, and agro-industry activities [6].

Human activities have affected the environment, often to a greater extent than natu-
ral processes [7]. The use of chemical fertilizers and pesticides, mining, manufacturing,
household or industrial waste disposal, as well as coal burning, can all lead to an increase
in metal concentrations in the environment [8]. Accumulation of PTEs in aquatic envi-
ronments can be toxic and have adverse effects on living organisms [9]. These facts make
PTE pollution a global problem. It is worth noting that PTEs are of particular concern
because of their tendency to bioaccumulate and biomagnify in water bodies, as well as
their toxic effects that often manifest far from pollution sources [10]. Rivers and lakes can
act both as sinks for the adjacent coastal ecosystems and as secondary sources of metals,
while their fluvial inputs represent the main pathway for metal transportation from land
to the sea [11]. Anthropogenic contaminants, including PTEs, place significant stress on
coastal ecosystems, a pressure that is further exacerbated by climate change, disrupting
the hydrologic cycle and intensifying environmental risks [12]. For these reasons, there is a
need for the consistent monitoring of coastal water bodies [13].

According to the Water Framework Directive (WFD) 2000/60/EC [14], each member
state must set up national monitoring programs and assess the biological, hydromorpholog-
ical, and physicochemical components of water quality to ascertain the “ecological status”
of the water body. In order to safeguard the aquatic environment from the detrimental
impacts of certain pollutants, including heavy metals, environmental quality criteria have
been set under WFD 2013/39/EC [15]. In addition, Greek authorities have set maximum
permissible limits of heavy metal concentration in water [16].

Since different components are present in varying amounts in each water sample,
water quality assessment is difficult [17]. For this reason, heavy metal contamination
indices have been developed [18,19]. However, classification is challenging since water
quality is dependent on both the concentration and toxicity of its components. A variety of
methods for developing water quality indices has been conducted in previous years and are
generally accepted [19]. The maximum allowable limit and the permissible concentration
are taken into consideration when formulating these techniques. The quality of the water
bodies has been assessed in recent decades using the most widely applied heavy metal
pollution index (HPI) [20-24] and heavy metal evaluation index (HEI) [25-30].

In the past few decades, there has been an increase in the analysis of dissolved heavy
metals in freshwater bodies, with a focus on particular river catchments [31]. However,
studies investigating PTEs in Greek surface water bodies remain limited [16]. To address
this knowledge gap, the present study is the first to provide a thorough analysis of the
current state of water quality through heavy metal monitoring in the Laspias and Lissos
River basins and along their coastal zone, covering a broad area of eastern Macedonia and
Thrace, northern Greece. Specifically, the study aims (i) to monitor potentially toxic element
concentrations in the surface waters of the Laspias and Lissos Rivers and their adjacent
coastal zones during four successive seasons; (ii) to calculate the HPI and HEI indices for
both rivers and their coastal zones in order to assess the water quality; (iii) to determine
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the main potentially toxic elements in these water bodies; and (iv) to provide a core dataset
to support water quality management in eastern Macedonia and Thrace, NE Greece, and
the northern Aegean Sea.

2. Materials and Methods
2.1. Study Area

The Laspias River (approximately 30 km in length) drains a relatively small catch-
ment within Xanthi prefecture, Thrace, northeastern Greece (24°53’ E, 40°59" N), whereas
the Lissos River (approximately 45 km in length) drains a larger catchment in Rhodope
prefecture, Thrace (25°31’ E, 41°01’ N) (Figure 1). The estuaries of both rivers and their
coastal zones are protected under the Ramsar Convention on Wetlands of International
Importance. The lowlands of the Laspias River are also included in the NATURA 2000 net-
work (GR1150001 and GR1150014). In both watersheds, agricultural activities are the main
input sources [32,33]. The two watersheds differ in terms of catchment size, geology, land
use patterns, and hydrological conditions, rather than representing systematic differences
between the rivers themselves.

Figure 1. Study area of the Laspias and Lissos River.

Meteorological data were obtained from the Imeros and Xanthi meteorological sta-
tions, Thrace, Greece. Physicochemical and hydrochemical parameters of the studied rivers
and their adjacent coastal zones during the same time period are reported by Papaevan-
gelou et al. [34]. Papaevangelou et al. [34] also assessed river water quality according to the
five ecological status classes (high, good, moderate, poor, and bad) defined by the Water
Framework Directive (WFD) 2000/60/EC [14].

2.2. Sampling Strateqy and PTEs Monitoring

A sampling network of 27 stations was set up, with 7 sites in the Laspias River, 12 sites
along the main route of the Lissos River and its tributaries, and 8 sites along the coastal zone
for both rivers. These sampling stations in the coastal zone were located along the coastline
of the Thracian Sea (northern Aegean Sea), which is an established microtidal environment
with a tidal range of less than 10 cm [35]. Under such conditions, the hydrodynamics of
the area are dominated by wave action and river inflow rather than tidal influence [36].
Consequently, the tidal phase is considered negligible. Figure 2a,b show the sampling
locations in the Laspias and Lissos River basins and the selected four coastal stations in each
river. The sampling points were selected in order to cover the whole area of the estuaries of
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the two rivers and the coastal zone. Monitoring campaigns were conducted from July 2021
to January 2023, during summer (July), autumn (September), and winter (December) in
2021, spring (March), summer (June), autumn (September) in 2022, and in January 2023
(winter 2023). Fourteen PTEs, i.e., As, Ba, Be, Cd, Co, Cr, Cu, Mo, Ni, V, Zn, Mn, Se and Al,
were analyzed in this study. Several of these elements, including Co, Cr, Cu, Mn, Mo, Se,
and Zn, are essential trace elements for living organisms in aquatic environments but may
become toxic at elevated concentrations.

(b)

Figure 2. (a) Sampling stations in the Laspias river basin and the sampling points along the shore;

(b) sampling stations in the Lissos river basin and the sampling points along the shore.

Sampling Preparation and ICP-OES Analysis

To evaluate metal concentrations in both rivers, water samples were collected in
every season over the year using acid-washed high-density polyethylene (HDPE) bottles,
transported to the laboratory using an electric portable field chiller, and stored at 4 °C in
accordance with ISO 5667-3:2024 [37]. Upon arrival at the laboratory, the water samples
were filtered through a 0.45 um membrane filter, subsequently acidified with ultrapure
nitric acid to pH < 2, and stored at 4 °C until ICP-OES analysis, in accordance with
Standard Method 3120 B of the Standard Methods for the Examination of Water and
Wastewater [38]. Metals analysis conducted in the Laboratory of Sanitary Engineering-
Water and Wastewater Quality at Democritus University of Thrace was carried out through
inductively coupled plasma optical emission spectrometry (ICP-OES, Agilent 5800, Agilent
Technologies, Inc., Santa Clara, CA, USA), which consisted of a cyclonic spray chamber, a
glass concentric nebulizer, and a peristaltic pump operated at: RF power: 1400 W; plasma
gas flow: 12.0 L/min; auxiliary gas flow: 1.0 L/min; Ar nebulizer gas flow: 0.70 L/min; and
sample flow rate: 1.0 mL/min. Operating parameters were adjusted to improve sensitivity
and plasma stability within the specified nebulizer (0.65-0.90 L/min) range. All water
samples were collected and analyzed in triplicate. Instrument calibration was performed
using a certified multi-element standard solution (1000 mg/L, Agilent Technologies, Santa
Clara, CA, USA). A seven-point calibration curve consisting of standards at 0, 10, 50,
100, 250, 500, and 1000 nug/L was prepared by serial dilution. The calibration blank was
prepared according to Standard Method 3120 B [38] and consisted of 2% (v/v) nitric acid in
reagent water. The concentrations measured in the river water samples were within the
established linear calibration range for all analyzed elements. Calibration curves for all
analyzed elements exhibited excellent linearity, with correlation coefficients (R?) greater
than 0.999. The accuracy of the analytical method was proven using the Agilent IntelliQuant
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feature, which is a built-in software capability of the Agilent ICP-OES 5800 model. The
limits of detection (LODs, ug/L) were as follows: As, 0.3; Ba, 0.01; Be, 0.01; Cd, 0.06; Co,
0.19; Cr, 0.16; Cu, 0.18; Mo, 0.3; Ni, 0.36; V, 0.07; Zn, 0.08; Mn, 0.03; Se, 3.3; and Al, 0.09. The
limits of quantification (LOQs, ng/L) were: As, 1.0; Ba, 0.03; Be, 0.03; Cd, 0.20; Co, 0.63; Cr,
0.53; Cu, 0.60; Mo, 1.0; Ni, 1.2; V, 0.23; Zn, 0.27; Mn, 0.10; Se, 11.0; and Al, 0.30.

2.3. Surface Water Pollution Index
2.3.1. Heavy Metal Pollution Index (HPI)

Heavy metal pollution index is a widely known index used around the scientific
community to assess the overall water quality by the influence of individual metals [21].
The HPI, first proposed by Mohan et al. [18], gives the effect of individual PTEs on surface
water quality [20] calculated with the following Equation (1).

ppp — D=1(Qi X wi) 1(Qi x wi) (1)

i—
where wj is the weighting factor of the ith PTE calculated as 1/5;; Q; is the sub-index of the
ith PTE; ith corresponds to each PTE analyzed; and n is the number of PTEs detected. The
sub-index (Q;) calculation was based on Equation (2).

Q = % x 100 (2)
where S; is the maximum permissible value for the ith PTE, for drinking water, according
to World Health Organization (WHO) [39] and M; represents the measured value for each
metal ion. It is worth noting that there are no defined limits for all the examined metals
in surface waters, and therefore, the U.S. EPA aquatic life criteria [40] for freshwater and
saltwater, WFD Environmental Quality Standards (EQS) for surface water [14,15] and the
World Health Organization standards for drinking water were used for evaluation and
discussion purposes [39]. As shown in Table 1, an HPI value below 100 indicates low metal
presence and that the water is safe for drinking, while a value greater than 100 indicates
water unsuitable for consumption. A threshold HPI value of near 100 indicates a marginal-
quality potable water that is safe to be used by healthy individuals. This value has also
been used in the literature to assess surface water quality related to PTEs [9,22,23].

Table 1. Evaluation of PTE pollution via HPI value.

Pollution Degree HPI Value
Low presence of PTEs <100
Threshold for PTE pollution =100
PTE pollution >100

2.3.2. Heavy Metal Evaluation Index (HEI)

A commonly used index that was first proposed by Edet and Offiong [25] is the
heavy metal evaluation index (HEI). HEI assesses the surface water quality based on PTE
concentrations in rivers and adjacent coastal waters and is calculated using Equation (3),
applying the maximum allowable concentration (MAC) values recommended by WHO [39].

3)

where H; and Hpy,,c represent the average monitored value and the maximum admissible
concentration of ith PTE, respectively, whereas n is the number of PTEs detected. The
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value of HEI is divided into five strictest classes according to several researchers, while
some others divided it into three less strict categories, as shown in Table 2. However,
the classification commonly adopted in recent water quality studies is HEI < 10 as low
pollution, HEI 10-20 as medium pollution, and HEI > 20 as high pollution.

Table 2. Characterization of the HEIL.

HEI by Karaouzas et al. [16]; HEI by Kabir et al. [22]; Edet

Class  Water Qualification Hgiﬂéi%gﬂ;i?]' g jf(ig(l)lll gta?l'h[g];{.i?:zg]; gfllj{;?;g%ﬁ; angt(:l.fﬁ[gl;]g; I[’Zri]safdl(;?; "
Mokarram et al. [43] : Bose [44]

I Very pure/Pure <1.0 <10 <150 <400

I Slightly affected 1.0-2.0
111 Moderately affected 2.0-3.00r4.0 10-20 150-300 400-800
v Strongly affected 3.0 or 4.0-6.0

\% Seriously affected >6.0 >20 >300 >800

3. Results

3.1. Metal Concentrations in Surface Water Bodies

Potentially toxic elements (PTEs) can have harmful effects on both human health and
the environment. Therefore, the adverse effects of PTEs can be mitigated through regular
monitoring. In this section, the results for monitoring of fourteen PTEs are presented to
assess the levels of these elements in the two examined rivers and their adjacent coastal
waters, and to compare them with those reported for other water bodies (Table 3). Changes
in weather patterns are among the factors affecting metal concentrations [45]. Their pres-
ence varied among the four sampling seasons (spring, summer, autumn, and winter) in
both rivers. Seasonally, in the Laspias River, the highest number of detected PTEs (eight
PTEs in total; As, Ba, Co, Cr, Ni, V, Zn and Mn) was observed during the winter sampling
period, whereas the lowest number (four PTEs in total; Ba, Cu, Zn and Mn) was recorded
in autumn. During winter, increased precipitation leads to greater runoff and enhanced
leaching of elements from the soil into nearby water sources [45]. On the contrary, most of
the metals were found in the Lissos River during the harvesting period (summer), which
appeared to accumulate due to increased agricultural runoff from the use of fertilizers and
pesticides [46], while the least metals appeared in spring. Therefore, examining the seasonal
trend, it was found that the presence of PTEs varied as winter (eight PTEs in total; As, Ba,
Co, Cr, V, Zn, Ni, and Mn) > summer (six PTEs; As, Ba, Cu, Zn, Ni, and Mn) > spring (five
PTEs; Ba, Mo, Zn, Ni, and Mn) > autumn (four PTEs; Ba, Cu, Zn and Mn) in the Laspias
River, and summer (10 PTEs; As, Ba, Co, Cr, Cu, Mo, Ni, V, Zn and Mn) > winter (5 PTEs;
Ba, Cr, Mo, Zn and Mn) > autumn (four PTEs; As, Ba, Zn and Mn) > spring (two PTEs; Ba
and Mn) in the Lissos River. Seasonal variations in metal concentrations were consistent
with the observed meteorological conditions. Meteorological data from the Imeros and
Xanthi meteorological stations showed higher precipitation during the winter sampling
periods, reaching 301-375 mm in the Imeros area and 307-361 mm in Xanthi, compared to
only 0.2-24.1 mm and 0.3-26.3 mm, respectively, during the dry summer and early autumn
sampling periods. Moreover, the number of detected metals increased during winter, but
not their concentrations. In addition, phosphates and nitrates were determined during
the same sampling periods in the frame of the project “Eye4Water” (MIS 5047246) [34],
supporting agricultural runoff.
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Table 3. Comparison of PTE concentrations in the freshwater and coastal waters of the present study and regional aquatic systems.

Part 1.
Name of Water Body Mn (ug/L) Cu (ug/L) Ni (ug/L) Zn (ug/L) Cd (ug/L) References
. % £ g X g £ % g £ % g g 5 g
: g P g g P g g P g g . £ £ Z
River water
Achelloos 0.00 2.80 0.50 0.01 5.40 0.80 0.45 5.20 1.60 0.28 21.7 5.90 Scoullos and Botsou [47]
Aliakmonas 0.20 29.6 4.40 0.90 15.1 3.40 1.10 222 5.00 1.10 225 16.1 Karamanis et al. [48]
Arda 74.0 309 196 12.0 140 14.0 42.0 95.0 66.0 Aytas et al. [49]
Axios 13.7 8.20 56.2 1.10 Karageorgis et al. [50]
Axios 249 98.0 473 36.0 Levkov and Krsti¢ [51]
Evros 0.70 1.90 1.20 44.0 1172 608 BDL Dimitriou et al. [52]
Evros 56.0 586 211 7.00 160 26.0 16.0 93.0 43.0 BDL Aytag et al. [49]
Kosynthos 0.00 174 43.2 3.50 52.8 11.9 0.00 9.80 0.80 47.5 638 176 1.50 5.30 3.10 Pisinaras et al. [53]
Nestos 0.00 149 11.9 0.00 76.6 15.2 0.00 107 13.3 0.00 199 414 0.00 9.40 3.30 Boskidis et al. [54]
Pinios 0.20 15.1 4.00 0.90 10.8 3.70 0.90 12.4 4.30 1.80 57.9 12.0 Karamanis et al. [48]
Pinios 5.20 6.90 6.10 12.0 16.7 14.1 0.50 0.70 0.60 Fytianos et al. [55]
Pinios 0.20 0.40 0.20 Loukas [56]
Chepelare 56.0 13,240 1211 1.80 12.2 5.20 BDL 16.6 ~1.20 32.0 1160 227 Radeva and Seymenov [57]
Kizilirmak 1.36 234 0.45 42.5 0.063 1.48 Akbulut and Tuncer [58]
Luda Yana 420 950 254 9.90 275 76.7 BDL 43.2 ~4.70 3.60 120 28.0 Radeva and Seymenov [57]
Sakarya 4362 4977 1360 1271 Diindar and Altundag [59]
Terme 0.98 4.73 2.25 1.19 3.68 2.23 1.38 3.54 222 4.04 115 20.1 0.66 0.98 0.70 Ustaoglu et al. [29]
Tigris <1.00 467 <1.20 165 <5.80 72.0 <1.60 37.0 <0.009 1.37 Varol and Sen [60]
Topolnitsa 41.0 2611 405 1.80 462 56.3 BDL 21.8 ~5.20 8.60 213 62.8 Radeva and Seymenov [57]
Tundzha 70.0 521 205 2.00 24.0 10.0 7.00 336 67.0 Aytas et al. [49]
Laspias 10.0 230 109 BDL 10.0 0.93 BDL 50.0 2.50 BDL 80.0 22.7 BDL BDL BDL Present study
Lissos 0.00 710 22.8 BDL 10.0 0.70 BDL 10.0 1.40 BDL 40.0 6.65 BDL BDL BDL Present Study
Sea water
Northeastern Aegean Sea 0.15 2.89 0.28 0.30 1.26 0.56 0.42 5.42 1.78 0.004 0.15 0.014 Tzempelikou et al. [61]
Central Aegean Sea 0.07 0.24 0.34 0.29 5.26 0.64 0.42 9.43 1.89 0.001 0.039 0.012 Tzempelikou et al. [61]
Laspias coastal zone BDL 80 4.50 BDL BDL BDL BDL BDL BDL BDL 20 7.73 BDL BDL BDL Present study
Lissos coastal zone BDL 60 115 BDL BDL BDL BDL BDL BDL BDL 50 9.75 BDL BDL BDL Present study

https:/ /doi.org/10.3390/w18151800


https://doi.org/10.3390/w18151800

Water 2026, 18, 1800 8 of 19

Table 3. Cont.

Part II.
Name of Water Body Cr (ug/L) As (ug/L) Co (ug/L) Al (ug/L) Mo (ug/L) References
. % g g % g g % g . % g g % g
e ¢ ¢ £ E ¢ £ & ¢ B B ¢ B &
River water
Achelloos Scoullos and Botsou [47]
Aliakmonas BDL 9.40 1.90 BDL 7.79 2.50 Karamanis et al. [48]
Arda 63.0 449 333 Aytas et al. [49]
Axios 4.20 10.9 Karageorgis et al. [50]
Axios Levkov and Krsti¢ [51]
Evros 0.00 2.80 1.10 Dimitriou et al. [52]
Evros 180 494 985 Aytas et al. [49]
Kosynthos 0.00 24.2 3.60 Pisinaras et al. [53]
Nestos Boskidis et al. [54]
Pinios BDL 7.90 1.40 BDL 26.5 3.30 Karamanis et al. [48]
Pinios 14.1 21.8 17.3 Fytianos et al. [55]
Pinios Loukas [56]
Chepelare BDL 14.0 ~3.90 4.50 86.0 20.8 Radeva and Seymen [57]
Kizilirmak 0.52 16.2 39.3 629 Akbulut and Tuncer [58]
Luda Yana BDL 12.8 ~4.60 52.0 1108 369 Radeva and Seymenov [57]
Sakarya 228 Diindar and Altundag [59]
Terme 0.84 1.27 1.01 0.28 1.02 0.49 1.19 1.32 1.25 211 338 49.7 Ustaoglu et al. [29]
Tigris <5.00 <5.00 <0.22 2.35 <5.00 111 Varol and Sen [60]
Topolnitsa BDL 4.10 ~2.10 24.0 386 187 Radeva and Seymenov [57]
Tundzha 100 2237 542 Aytas et al. [49]
Laspias BDL 110 3.46 BDL 10.0 1.40 BDL 10.0 0.72 BDL 90.0 10.2 BDL 10.0 1.40 Present study
Lissos BDL 10.0 0.61 BDL 20.0 1.72 BDL 10.0 0.70 BDL 140 6.18 BDL 10.0 1.40 Present Study
Sea water
Northeastern Aegean Sea 0.012 0.091 0.043 Tzempelikou et al. [61]
Central Aegean Sea 0.012 0.15 0.048 Tzempelikou et al. [61]
Laspias coastal zone BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 90.0 21.5 BDL 10.0 6.68 Present study
Lissos coastal zone BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 180 33.3 BDL 10.0 5.38 Present study
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3.1.1. Metal Concentrations Along the Laspias River and at the Adjacent Coastal Zone

In the Laspias River, most of the water samples collected may be affected by many
factors, such as agricultural and industrial activities, the effluent from the municipal
wastewater treatment plant of the city of Xanthi, a municipal solid waste landfill and the
livestock units located in the area [62]. The concentrations of the detected metals were
within the WHO guideline limits for drinking water, while several metals were not detected.
Specifically, the elements Be, Cd and Se were not detected throughout the whole experimen-
tal period at any monitoring station in the Laspias River. Co (10 ug/L), Ni (50 ug/L) and
V (10 pg/L) appeared once during the winter sampling of year 2021, while Mo (10 ug/L)
appeared only once during spring (March) 2022. As (10 ug/L) was detected during July
and December of 2021, while Cu (10 png/L) was detected during July and September of
2021. Cr was detected at only three sampling stations during the winter sampling period
(January 2023), at concentrations of 10 ug/L (LP2, LP5) and 110 ug/L (LP6). The latter
exceeded the WHO guideline value for drinking water (50 ug/L) [39] and was close to
the U.S. EPA threshold of 100 pg/L [40,63]. Ni, As, Cu and Cr concentrations reported for
European rivers and lakes were 137, 18.5, 14.6 and 13.6 ug/L, respectively [63]. Similar
concentrations, i.e., 121, 28.2,15.7, and 17.3 pg/L, respectively, were detected in the Evros
River, which is located in the vicinity of this case study area [64]. The concentrations of all
the examined metals in almost all sampling periods were below WHO set limits as stated
above and displayed in Supplementary Table S1. Al was detected in all sampling points
of the Laspias River during the whole experimental period, with a mean concentration of
9.76 £ 2.39 ug/L. It should be noted that Al is released through the dissolution of natural
silicate minerals and can therefore occur as soluble salts or colloidal compounds [65]. In
addition, this element is connected with the geochemical matrix of sediments. Station
LP6 located near a landfill site showed the maximum Al concentration (90 pg/L) dur-
ing the winter season. Ba appeared in all the sampling stations at all seasons, with the
highest concentrations detected in stations LP5 (140 pg/L) and LP6 (150 ug/L). The mean
Ba concentration in the Laspias River was 46.4 & 6.34 ug/L across all sampling points
and seasons, approximately twofold higher than that measured in the Lissos River. Zinc
was 19.8 & 3.26 pug/L considering all sampling stations and seasons, which is below the
admissible limit for drinking water. Zn can find application in the plastics, cosmetics, steel
processing, printing ink, and rubber manufacturing industries [66,67]. Elmaci et al. [68]
observed Zn and Cu concentrations of 130 & 50 pg/L and 141 £ 50 pg/L, respectively,
in the water of Lake Uluabat, in the vicinity of Bursa, Turkey. Tokatli [64] also detected
Zn concentration of 260 pg/L in the Evros River. Manganese is another metal found in
the Laspias River in all sampling stations and seasons at 93.7 £ 10.0 ug/L, excluding all
measurements of station LP6 and the Mn concentration detected in September 2021 at the
station LP4B. Mn is abundant in nature in dissolved, colloidal, and complex forms [69]. Mn
is used in fertilizer production, dry cell battery production, and metallurgical operations,
and it is also connected with the geochemical processes of sediments [66]. The maximum
Mn concentrations of 870 and 960 p1g/L occurred only in the winter season at stations LP4B
and LP6, which may be attributed either to natural or anthropogenic factors, like agricul-
tural runoffs in the area. In station LP6, Mn concentration was equal to 194 & 67.0 ug/L,
which was below the WHO standard set in 2017 [70], but above the WHO standard set
in 2022 [39] for drinking water. According to the literature, there are geogenic sources
in the surrounding area [71]. The Laspias basin overlies volcanosedimentary formations
naturally enriched in minerals composed of Mn [72]. Weathering and dissolution of these
lithologies represent a continuous background Mn source. This confirms the maximum
values of 870-960 ug/L at sampling stations LP4B and LP6 in the Laspias River at low-flow
periods during winter. Regarding the remaining examined metals, Cr and Ni were equal
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to 4.05 & 2.67 pg/L and 1.67 4+ 1.21 ug/L, respectively, and As and Cu concentration
was 0.48 £ 0.33 pg/L, whereas Co, Mo and V concentration was 0.238 & 0.235 ug/L. The
maximum concentrations of the metals detected in each sampling point of the Laspias
River are illustrated in Figure 3.
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Cr Mn 400; 80 m LP4B
@ Zn 3000
Al — ; | eLpea
= As [+ 1?1 ;g LP3
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e
v
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Figure 3. Maximum level of metals detected along the Laspias River.

The mean metal concentrations decreased in the following order: Mn > Ba > Zn > Al >
Cr > Ni > As; Cu (As = Cu) > Co; Mo; V (Co = Mo = V). All measured concentrations were
below the WHO guideline values [39,70], except for Mn (93.7 £ 10.0 pg/L) according to
WHO [39] standards set in 2022. These low average concentrations confirmed that PTEs
did not affect water quality along both the length of the river and the coastal area.

In the coastal zone of the Laspias River, Al, Ba, Zn and Mo were detected at all four
sampling stations (LP1-LP4), whereas Mn was detected only at LP2 and LP4 (Supplemen-
tary Table S1). The maximum concentrations measured were 90 pug/L for Al at LP2 and
LP4, 20 ug/L for Ba at LP2, 20 pug/L for Zn at LP4, 80 pg/L for Mn at LP2 and 10 pg/L
for Mo at all sampling stations. The mean concentrations followed the decreasing order
Al > Mo > Zn > Ba at LP1 and LP3, Al > Mn > Ba = Zn > Mo at LP2, and Al > Zn > Mo > Ba >
Mn at LP4.

Based on the U.S. EPA chronic aquatic life criteria for freshwater [40], the recom-
mended concentrations of Cr (total), As, Ni and Zn are 85, 150, 52, and 120 ug/L, respec-
tively, while for saltwater the values for Cr(VI), As, Cd, Cu, Ni, and Zn are 50, 36, 7.9,
3.1, 8.2, and 81 ug/L, respectively. In the Laspias River and its adjacent coastal zone, the
concentrations of these metals at all sampling stations were below the above-reported
thresholds. Based on the WFD Environmental Quality Standards (EQS), Ni and Cd should
not exceed 34 and 1.5 pg/L. In the Laspias River and its adjacent coastal zone, Ni and Cd
concentrations were below the above-reported thresholds.

3.1.2. Metal Concentrations Along the Lissos River and at the Adjacent Coastal Zone

The Lissos River is receiving the discharge of the WWTP of the industrial area of the
city of Komotini and agricultural runoffs [62]. In the Lissos River, four elements were
detected at all sampling points (LS1-LS12) and seasons. Among the other monitored
metals, Be, Cd, Se were not detected, and Co (10 pg/L), Cu (10 pg/L), Ni (10 pg/L) and V
(10 pg/L) were detected once during the summer period (July 2021) at station LS11, which
can be attributed to anthropogenic pressures, such as agricultural practices and outputs
(e.g., fertilization). Mo (10 ng/L) was detected at two stations in two sampling periods,
namely LS9 and LS11. Cr (10 ug/L) was determined twice at stations LS1 (at the delta of
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the river associated with agricultural runoffs) and LS9, while As (10 ug/L) was detected
in two sampling periods at sampling points LS1, LS2, LS3 and LS5, where these pressures
may be connected with agricultural runoffs. The concentrations of Al, Ba, Zn, Mn, As, Cr,
Mo or V, and Co, Cu or Ni were 6.07 £ 1.90, 21.8 &+ 2.27, 6.51 £+ 1.24, 22.7 £ 9.06 ug/L,
0.71+0.37 ug/L,0.36 &+ 0.20 ug/L, 0.238 - 0.166 pg/L and 0.119 £ 0.118 ug/L, respectively.
Therefore, the mean concentrations of the examined metals were found in the decreasing
order of Mn > Ba > Zn > Al > As > Cr > V; Mo (V = Mo) > Co; Cu; Ni (Co = Cu = Ni),
all of which were below the limits set by WHO [39,70]. For instance, the highest Al
concentration (140 ug/L) was observed only once at sampling point LS11 during the
winter season, which may be attributed to agricultural runoff pressure, and remained 30%
below the WHO guideline limit. It is noteworthy that the average Al concentration in
river and lake water bodies in Europe was 570 =+ 409 pg/L from data collected over a
five-decade period [63]. Metal concentration also varied from point to point along the river,
as illustrated in Supplementary Table S2. Barium, which is an element found in many
rocks and minerals, including those found beneath the Earth’s crust [73,74], ranged within
0-80 pg/L and 040 pg/L in the Lissos River and the adjacent coastal area, respectively.
Mn was detected at least once in all sampling points of the Lissos River except for LSS,
which is connected with tributaries and dry fields. The highest Mn concentration, observed
once in July, was equal to 710 pg/L at point LS11, exceeding the value set by WHO [39,70]
for drinking water. The geochemistry and mineralogy of clay formations contain Mn
deposits [75]. This finding is confirmed by the elevated Al concentration (140 pug/L at LS11)
in Lissos during winter, where Mn concentration was relatively high (70 pg/L), indicating
a geogenic origin. Furthermore, Mn is highly sensitive to redox. Under oxidizing (aerobic)
conditions, it precipitates as insoluble Mn(III/IV) oxyhydroxides on sediment surfaces [69].
The lower DO level and the limited flow during the summer create anoxic conditions in
the sediment. Under anoxic conditions, Mn dissolves reductively into soluble Mn(II), and
its concentration is higher when DO levels are lower [69]. Low summer discharges and
elevated temperatures led to oxygen depletion in bottom sediments, which is consistent
with the maximum Mn concentration of 710 pug/L at sampling station LS11 in the Lissos
River (July 2021). Figure 4 shows the maximum concentration of the metals detected in
each sampling point along the Lissos River.

Mn m1SI12
Zn m1S11
Ba m LS10
Al = m LS9
cr F m LS8
2 N F mLSy
g As | mLS6
3 LS5
Mo LS4
Cu LS3
Co [ 1 1L.S2
v [ mLS1

0 100 200 300 400 500 600 700 800
Concentration (ug/L)

Figure 4. Maximum level of metals detected along the Lissos River.

As shown in Figure 4, Zn was low and much below WHO [39,70] limits in all sampling
points and seasons, showing a maximum concentration of 40 pug/L at stations LS2 and LS11
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during the summer of the first year (July 2021), LS6 during the autumn of the second year
(September 2022) and LS7 during the winter of the last year (January 2023).

In the coastal zone of the Lissos River, Al, Ba, Zn, Mn and Mo were detected at all
four sampling stations (LS1-LS4) (Supplementary Table S2). The maximum concentrations
measured were 180 pg/L for Al and 40 pg/L for Ba at LS1, 50 ug/L for Zn and 60 ug/L for
Mn at LS4, and 10 pg/L for Mo at all sampling stations. The mean concentrations followed
the decreasing order Al > Ba = Zn > Mo > Mn at LS1, Al > Ba > Mn > Zn > Mo at LS2,
Al >Ba>Mn >Zn > Mo at LS3, and Zn > Mn > Al > Ba > Mo at LS4. All measured values
were below the thresholds established by international organizations.

According to the U.S. EPA chronic aquatic life criteria [40], the recommended con-
centrations for Cr (total), As, Ni, and Zn in freshwater are 85, 150, 52, and 120 nug/L,
respectively, while the corresponding saltwater criteria for Cr(VI), As, Cd, Cu, Ni, and Zn
are 50, 36, 7.9, 3.1, 8.2, and 81 ug/L, respectively. All measured concentrations in the Lissos
River and its adjacent coastal zone were below these thresholds. Similarly, according to
the WFD Environmental Quality Standards (EQS), Ni and Cd should not exceed 34 and
1.5 ug/L, respectively, and all measured concentrations were below these limits.

3.2. Assessment of the Heavy Metal Pollution Index (HPI)

The HPI of all sampling stations in the Laspias River was below the critical value of
100 [9,23], except marginally for station LP3 (HPI, 105) due to the high contribution of Mn
(91.4 £ 18.0 ug/L), although the measured values were compared with drinking water
limits [39]. The HPI was calculated separately for each sampling station (Table 4), yielding
an average HPI value of 54.7 + 10.8. Co and V were excluded from the HPI calculation
because no guideline or standard values are available in the WFD [14,15], U.S. EPA [40], or
WHO [39,70], or the relevant Greek Joint Ministerial Decrees 3525/23 and 438/85.

Table 4. HPI calculation at each sampling station (LP1-LP6) in the Laspias River based on nine
potentially toxic elements (PTEs), i.e., Ba, Zn, Mn, As, Cd, Cr, Cu, Mo and Ni. BDL indicates that the
tested PTEs were below the limit of detection.

LP1 LP2 LP3 LP4A LP4B LP5 LP6
PTEs Qixwi
Twi
Ba 0.076 0.070 0.162 0.255 0.026 0.089 0.022
Zn 0.010 0.005 0.015 0.033 0.001 0.01 0.002
Mn 60.83 50.49 105.0 82.05 17.15 19.64 14.74
As BDL BDL BDL BDL 10.69 BDL 9.627
cd BDL BDL BDL BDL BDL BDL BDL
Cr BDL 1.701 BDL BDL 0.428 1.676 5.391
Cu BDL BDL BDL BDL BDL 0.001 0.001
Mo 1.045 BDL BDL BDL BDL BDL BDL
Ni BDL BDL BDL BDL BDL BDL 1375
HPI = Zi= 10X g4 g0 52.26 105.2 82.34 28.30 21.41 31.16

v

=n
=1

wi

The HPI values in all stations of Lissos were below the critical value of 100, highlighting
no metal pollution. As shown in Table 5, the HPI was calculated at each sampling point in
the Lissos River. The results showed that the HPI ranged from 0.05 to 46.9, with a mean
value of 14.4 + 4.14. In the case of the Lissos River, the maximum HPI, but still half of the
threshold value of 100, was found at station LS11.
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Table 5. HPI calculation at each sampling station (LS1-LS12) in the Lissos River based on nine
potentially toxic elements (PTEs), i.e., Ba, Zn, Mn, As, Cd, Cr, Cu, Mo and Ni. BDL indicates that the
tested PTEs were below the limit of detection.

LS1 LS2 LS3 LS4 LS5 LS6 LS7 LS8 LS9 LS10 LS11 LS12
PTEs I
Qixwi
Twi
Ba 0.017 0.0164 0.0171 0.0994 0.0112 0.0808 0.0684 0.0435 0.0159 0.0684 0.0297 0.0932
Zn 0.001 0.001 0.001 0.006 0.001 0.009 0.006 0.001 0.002 0.003 0.002 0.001
Mn 1.671 7.270 6.681 8.205 0.393 3.282 1.641 BDL 0.932 3.829 45.51 14.77
As 10.69 12.58 27.15 BDL 27.15 BDL BDL BDL BDL BDL BDL BDL
Cd BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Cr 0.428 BDL BDL BDL BDL BDL BDL BDL 2.387 BDL BDL BDL
Cu BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.001 BDL
Mo BDL BDL BDL BDL BDL BDL BDL BDL 0.609 BDL 0.683 BDL
Ni BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.683 BDL
HPI = W 1281 1986 3185 8310 2556 3372 1715 0045 3946 3900 4691  14.86
i =1
Similarly, HPI values were calculated for the coastal area of each river, and the results
are given in Table 6. The HPI was below the critical value of 100 in both coastal areas,
indicating no pollution of PTEs, with an average HPI value of 7.42 £ 1.52 and 10.4 £ 0.83
for the four stations in the adjacent coastal zone of the Laspias and Lissos River, respectively,
confirming no pollution.
Table 6. HPI calculation at the sampling stations of the adjacent coastal zones of the Laspias (LP1-LP4)
and Lissos (LS1-LS4) Rivers based on nine potentially toxic elements (PTEs), i.e., Ba, Zn, Mn, As, Cd,
Cr, Cu, Mo and Ni. BDL indicates that the tested PTEs were below the limit of detection.
LP1 LP2 LP3 LP4 LS1 LS2 LS3 LS4
PTEs P
Qixwi
XTwi
Ba 0.006 0.014 0.009 0.012 0.021 0.024 0.030 0.015
Zn 0.003 0.003 0.003 0.004 0.004 0.003 0.004 0.007
Mn BDL 8.964 BDL 1.121 3.362 5.603 7.844 8.964
As BDL BDL BDL BDL BDL BDL BDL BDL
Cd BDL BDL BDL BDL BDL BDL BDL BDL
Cr BDL BDL BDL BDL BDL BDL BDL BDL
Cu BDL BDL BDL BDL BDL BDL BDL BDL
Mo 6.272 3.659 5.227 4.391 6.272 3.136 2.091 4182
Ni BDL BDL BDL BDL BDL BDL BDL BDL
HPI = B 10w ¢ o 12.64 5.239 5.527 9.659 8.766 9.969 1317

Yo fwi

3.3. Assessment of the Heavy Metal Evaluation Index (HEI)

HEI values were classified into five categories based on the relative literature [23,41].
The HEI values in water samples of the Laspias River ranged from 0.61 to 2.49, with a mean
of 1.45 £ 0.22. The mean HEI in the whole study area classified the water quality in the
second category (slightly affected, HEI from 1.0 to 2.0) [23,41] due to the high contribution
of Mn. The maximum HEI value was observed in LP6 (HEI, 2.49), where its water quality
is placed in the third category (moderately affected, HEI from 2.0 to 3.0 or 4.0), attributed
to the high Mn concentration. The HEI values calculated at each sampling point for the
Laspias River are given in Table 7. Co and V were excluded from the HEI calculation
because no guideline or standard values are available in the WFD [14,15], U.S. EPA [40], or
WHO [39,70], or the relevant Greek Joint Ministerial Decrees 3525/23 and 438/85.
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Table 7. HEI values at each sampling station (LP1-LP6) in the Laspias River based on nine potentially
toxic elements (PTEs), i.e., Ba, Zn, Mn, As, Cd, Cr, Cu, Mo and Ni. BDL indicates that the tested PTEs
were below the limit of detection.

LP1 LP2 LP3 LP4A LP4B LP5 LP6
PTEs -
_Hi
Hmac
Ba 0.028 0.031 0.029 0.045 0.045 0.040 0.043
Zn 0.009 0.005 0.006 0.013 0.003 0.010 0.007
Mn 1.357 1.357 1.143 0.893 1.833 0.536 1.750
As BDL BDL BDL BDL 0.143 BDL 0.143
Cd BDL BDL BDL BDL BDL BDL BDL
Cr BDL 0.029 BDL BDL 0.029 0.029 0.400
Cu BDL BDL BDL BDL BDL 0.001 0.001
Mo 0.020 BDL BDL BDL BDL BDL BDL
Ni BDL BDL BDL BDL BDL BDL 0.143
HEI = Zl": 1 HHl 1414 1.421 1.178 0.951 2.053 0.615 2.486
mac
The HEI for stations LS1-L.S10 and LS12 in the Lissos River was much below the
threshold value of 1, indicating no pollution (very pure/pure, HEI < 1), as given in Table 8.
The HEI mean value was 0.39 =+ 0.14 for all surface water samples in the Lissos River. The
maximum HEI value was measured at station LS11 (1.61) due to the high contribution
of Mn. The results showed that the HEI values, except for the one at station LS11 that
was classified in the second category (slightly affected, HEI from 1.0 to 2.0), were below
the HEI threshold limit of the first category, indicating excellent status for this freshwater
ecosystem [16,22,25,26,28,29,42].
Table 8. HEI values at each sampling station (LS1-LS12) in the Lissos River based on nine potentially
toxic elements (PTEs), i.e., Ba, Zn, Mn, As, Cd, Cr, Cu, Mo and Ni. BDL indicates that the tested PTEs
were below the limit of detection.
LS1 LS2 LS3 LS4 LS5 LSe6 LS7 LS8 LS9 LS10 LS11 LS12
PTEs ==
1
HmﬂC
Ba 0.029 0.024 0.025 0.018 0.017 0.014 0.012 0.008 0.009 0.012 0.017 0.017
Zn 0.002 0.004 0.002 0.002 0.002 0.004 0.002 0.001 0.003 0.001 0.002 0.001
Mn 0.179 0.661 0.607 0.089 0.036 0.036 0.018 BDL 0.036 0.042 1.554 0.161
As 0.143 0.143 0.286 BDL 0.286 BDL BDL BDL BDL BDL BDL BDL
Cd BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL
Cr 0.029 BDL BDL BDL BDL BDL BDL BDL 0.057 BDL BDL BDL
Cu BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.001 BDL
Mo BDL BDL BDL BDL BDL BDL BDL BDL 0.020 BDL 0.020 BDL
Ni BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.020 BDL
7
HEI = 1’-1_ 15 ! 0.381 0.832 0.920 0.109 0.340 0.054 0.032 0.008 0.126 0.055 1.614 0.178
mac

Regarding the sampling stations of the coastal area of each river, HEI values were
given in Table 9. The HEI values varied from 0.03 to 0.28 and 0.20 to 0.29, with a mean
of 0.14 £ 0.05 and 0.23 £ 0.02 for the four stations in the coastal zones of the Laspias and
Lissos River, respectively, indicating good environmental status in both coastal zones. Thus,
considering the above HEI values, the water quality in the coastal zones of the Laspias and
the Lissos River was classified in the first category (very pure/pure, HEI < 1).
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Table 9. HEI values in the coastal zones of the Laspias (stations LP1-LP4) and Lissos (stations
LS1-LS4) Rivers based on nine potentially toxic elements (PTEs), i.e., Ba, Zn, Mn, As, Cd, Cr, Cu, Mo
and Ni. BDL: It indicates that the tested PTEs were below the limit of detection.

LP1 LP2 LP3 LP4 LS1 LS2 LS3 LS4

PTEs -
Ba 0.002 0.005 0.003 0.004 0.008 0.009 0.011 0.006
/n 0.003 0.002 0.002 0.003 0.003 0.003 0.003 0.006
Mn BDL 0.200 BDL 0.025 0.075 0.125 0.175 0.200
As BDL BDL BDL BDL BDL BDL BDL BDL
Cd BDL BDL BDL BDL BDL BDL BDL BDL
Cr BDL BDL BDL BDL BDL BDL BDL BDL
Cu BDL BDL BDL BDL BDL BDL BDL BDL
Mo 0.122 0.071 0.102 0.086 0.122 0.061 0.041 0.082
Ni BDL BDL BDL BDL BDL BDL BDL BDL
HEI=Y"_, HHI 0.127 0.279 0.108 0.033 0.208 0.198 0.230 0.293

mac

The mid-to-upstream Laspias reaches (LP4-LP6) and the Lissos station LS11, classified
as “poor” to “bad” by Papaevangelou et al. [34], coincided with the highest metal loads
of the present study (Mn up to 870-960 ng/L and Ba up to 150 pg/L in the Laspias;
Mn up to 710 ug/L at LS11). The severe dissolved oxygen depletion reported at these
stations [34] (down to 1.97 mg/L, with near-anoxic summer conditions) further explains
the Mn maxima that drive the HEI classification, as low-oxygen conditions promote the
reductive dissolution of Mn oxides to soluble Mn(II), particularly during the peak at LS11
in July.

4. Conclusions

In the Lissos and Laspias River, As, Ba, Be, Cd, Co, Cr, Cu, Mo, Nji, Se, V, Zn, Mn and
Al were monitored via ICP-OES analysis to assess possible impact from anthropogenic and
agricultural activities. Despite the limitation that no water was available at some sampling
stations during the sampling campaign due to no-flow/dry conditions, the current study
provides a detailed assessment of the water quality status of the studied water bodies. Metal
concentrations were higher in the Laspias than in the Lissos River, although their average
values within this two-year survey were below the legislative limits set by WHO [39,70],
except for Mn based on WHO [39] standards for drinking water. Calculation of HPI in
the Laspias and Lissos River and their adjacent coastal zones resulted in values below
100 for any station and season examined, except for station LP3 (HPI of 105). HEI was,
on average, 1.45 in the Laspias River, classifying the water quality in the second category
(slightly affected, HEI from 1.0 to 2.0) due to the high contribution of Mn that is attributed
to the dissolution of naturally occurring Mn, and 0.39 in the Lissos River, classifying the
water quality in the first category (very pure/pure, HEI < 1). The coastal zones of the
Laspias and Lissos River showed average HEI values of 0.23 and 0.14, respectively, which
characterized the water quality as very pure/pure. Since the water quality in these rivers
is significantly influenced by PTE release due to anthropogenic (e.g., urban, agricultural,
and industrial activities) and/or natural factors (e.g., metal content, interactions in the
soil), proper management tools and practices, and even interventions (if needed), are
necessary in order to improve and preserve good water quality. These practices and
interventions may be applied at the local and regional scale, with the active engagement
and participation of several stakeholders and authorities. These propositions include (1) a
continuous monitoring scheme in order to create a complete image of the point and non-
point pressures and their significance, (2) the enhancement of regional and governmental
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funding tools to support and educate local stakeholders (e.g., farmers, citizens, authorities),
(3) provision of incentives and funding to the local industries for the installation of private
wastewater treatment facilities, (4) measures and information systems in order to support
the implementation of environmental legislation, and (5) the implementation of sustainable
nature-based solutions, like vegetated buffer strips and constructed wetlands in order to
mitigate agricultural runoff pollution.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w18151800/s1, Table S1: Monitoring of targeted elements (mean
values + standard errors) in each sampling station of Laspias River and the adjacent coastal zone
during the whole sampling period; Table S2: Monitoring of targeted elements (mean values =+ stan-
dard errors) in each sampling station of Lissos River and the adjacent coastal zone during the whole
sampling period.
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